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Ihc L "u vtifnt Ion ’.rao cai'riad ouj by •'I'.c authors at trie • .*.* ‘on- 
hei' toro-inj ,lo..l I.atorc tory oi' th' " I‘ orr.iu Iria\.itato of 'fooli aolo'y 
tur:‘ If t]'o cc’iool year If-.' C-19-1 

It v/ao concludod thr.t dive recovery flapc r.ratcrially incr'^aae 
tho lift o^ t 1 airfoil, and there is r.n ont^j” i:n flap locaticn for 
narcirur. lift a.nc one for nar.injun ~J^ c< . -oreover, it vrae concludod 
that the forrriation and develonr.ont of o/vvos is directly r.^latcd 

to tho lift, but that tlio succcsBivo ds\’elOir..cnt of t}.e shoch \ravo 
pattern s.s a Sanction of -'^ch nunbor is indope.dont of a.y;lc of attach 
or flao location; the ’-ach nunbor for inf.tial shoe!: fomatlon •/arics. 
Finally, i:> this tareiel v/h rc tl^c t’'io;:n3c^- of tlie boundary layer is 
a larre ’■'-ore... oi of ; tunnel ’..leeh tho ooriojction for noa-uni-^orn 
spturvvis? lift .ilstribution rust be i’rrci ti^c.tid '“ore carefully before 
absol’ito lift \al .*s cm. bo cc'nubot. 
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Tie irojlr*- of i.bock v/a\os ocoarl-ij oi thv wluf of u j i ue at 
S'^cedo 1<*' j? thi.n *;h?. •*• oP cojnd, riio ."j ii:;uc'u^.u iar']:? uj.ri.:' vxjr.z-.c 
forcoc caused by theao waves led to uso of civu ruoo*/cr" 

flans. Ihooe flaps on full-size aimi<-ioG, .men actuatoo oy ciio pilot 
in a civc.., or in nulli.if out of a Give allow the pilot at loaut e\oa-h 
control to ovorcono tho lar^^e diving rtionen^ caused by the shoe’: wav>s, 
Tnese ohenaiena are related not just to the vd.^;, ou L to the Literro- 
lation botvro«n tho ’vinr- and tho tailj rooo’f'jry cf tho use of tne tail 
as a coitrol surface operated within t!iO "uscular strangtli of the pilot 
is in'oront in the use of divo rccovei*y flaps. 

The first solution to this nroblc’’ ’.ws nado by trial anu error. 
Lar'^e sized airplane rodels iverc fitted ivi th dive recovery flaps as 
in ref?r-^nc9 1 and tests nado in wind turuel. fects vroro also nade 
on actual a3?')lnnes under r ctual fli -lit conditions. The position chord- 
vdse or snon-7isc, size, air^ angle of dof lection wore all puranetors 
of those Investigations. In roforonce 1 tho flaps vrero placed at 
33,- of t?yj v'Wg chord for structural reasons which coula necessarily 
be another con si dor. it ion. 



ue to the oxigoncioa of the sit’iat-’ on final results were duSared, 
and no t! oory or o-npiricul data v/ere oorivod. Ti;e theory of tlie effect 
of incroa.' in.^ i-ach nuraber cn the lift, drug, an/, no'ient of an airfoil 
v;ithout fleps Is fairly well dofinod by references 2, 3, 4, 5, d, 7, 
and others, r- large amount of' empirical data has bot^n obtained to 
Gubstuntic to ti^C3c t’oeories. horoover, come rolatio»is of the forma- 
tion and oypo of s!;ocl: ’..’avos to tlic oressure distribution Lave boon 
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o'.xov.r, corroc ■ ■-oi-.'S --i J’’’-' ''c.'*/’ ' l-.r"'' vrlr -' L. •• I 

fo~co r«*ciG' V or cl. -rvbr*. c, ''roGc-.r*. ■>»•••' "-tr. J' > 

. 0 - Tli-. oorrecV-oi to ti>'- l.'.ft for J lo’\r.V o*"* t; •- *ror^: I-', r>: 

tlon bac b ej - sa w’ovl )<’' >' c. fh^r'O is sci*'*n^c ct Dr' 

thoon’’ "^o corr-scL for tbc noc-u.ii.'’')r^ '-"'ar.v.'irjo (iistribivcior., f. . 
.'rostor (ref oo 9) rnav-o r:, i’i\'‘33vi''L. “>ior of tb c^rGot of tb? 
bouncur-/ layor o:\ ’■’'lo fistribuf , bat bis v.'ork is act eo — siotol" 

tto’^licabl'* to f'o tau’^cl ii; vnief th :• rrb'oct oxrori'cnt '.v^s ’• 'ucLef. 
■ 'urin^ tho c^-'tso of th.c rev jctl 'i.on it was (Uscj/orcC tl.at a -”oro 
accurate i.ivos bifation of t’ is offsob shO'-ild bo 

I‘i t! Is invc;.ti; 3 ;ation it v.t,G crs’roc* to dot'"?-- Lne tl:; cf-'oet of 
Giro r> cover. flaoG on tlic li''c of t\.‘o-.M cn.Gi'' '.al I'^nini.r 1^.* uLr- 
ioil al loA' ur Igo of attart ' nf vario g ’’ac; nunberG for tlirc c 

pnsit’ons: If ^ fO'" a .f <5" of chorf, '.os'^ ^ocitienG \t’ c' :G if .nn,.'. 

to oo'’’’c-''' tlio re^.'^cvi ir*v/l. ic’i aat ..al i'. e r- cover;/ ’'l''eG /re oO ' v' 
aim I*, nos. 



-.jTxs also deGir^'l to g’ o»'^ tbo effect of fee ''l-’.o o" 



foi^r^fe-" o-^ Tcr '.•'C -jj b;- nbe jgo o'* schlieren o' . oto''"ra .to , -n ' f-,‘r'. 
corv'lf.tc tbf pct.ial l.:’> ’..I’.c /Icbur'^s. 

bift n-.v.GarerentG wore ’^ado b’' 1. -to "rati r" tbe ^rcGsur*;- ever 



f iG to;'^ O-n^' toteor. of oho tunnel. 
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problons, i»ov/over, tlio r.^eusuranont iteclf vms inaccurate becauao it 
does not ineaGurc all Iho lift lenj^thwiso in the tunnel, and it dooa 
neauure the decrement of lift duo to tho comparatively lar^b boi idary 
layers on the sides of the tunnel and thoir effect on the spanwiso 
lift distribution of tho airfoil, corroction was made for tho 
fraction of the lift not measured on tho top and bottom r/alls, but 
no correction '.ms made for tho non-uniform spanwise lift distribution. 
Therefore, the lift coefficients reported are essentially spanvdso 
averaf.es, and are lower than tho true soot ion lift coefficient on tho 
tunrol C. L. It was desired to reduce tho data primarily to show the 
increment of lift duo to the flaps and the rate of chanfo of this 
increment nlonr. the chord. Howver, it was also desired to compare 
the data and schlioren pictures to niscollaneous invesbifations such 
as included in references 11, 3, 5, and 6. 

The tests were conducted in a tv;o-dimensional , open return, in- 
duction bypo wind tunnel having a test section of one by ten inches 
cross-section by twenty inches long. It is capable of giving a Maoh 
number of 0.87 with no modol ins tailed. 

Tho tests vrere made at tho Guggonheim Aeronautical baboratory of 
the California Institute of Technology in March, April, and ’^ay of 
194 G, The tests were made in collaboration with tho tests made for 
the investigation of roferenoe 12, 
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'Dae wind tunnol in which this invostir.ation was carried out is 
of tho tv/o-linvnsi^nal, free air entraice, opon return, induction t^n)' . 
'ihe details of its construction arc dcscrlbod in roforoncos 13 and 14. 

picture of tho tunnol is shovm in I'i.' . 1. The \vorl:ing section is 
20 " lon'^, witii a cross section taporinf from .9'’ x 10" at the entrance 
to l.C" X iO" at the be{;;innins of tho diffuser section. Tne taper 
is to allow for tho growth of boundary layer along the walls. In 
tl-.is investigation it v/as necossary to replace the tapered floor a.nd 
roof blocks of tho working section of the tunnel. These blocks con- 
tained the drilled holes into which were inserted tho pressure tubes. 

The blocks have been r:ado of a laminated elastic, but had become so 
vretrood by ''imonsional instability th?t the glass side walls no lonf'er 
fitted snugly. In addition, tho warping caused a ^^isfit of the boll- 
mouth on the tunnel entrance v/hich gave rise to considerable turbulence. 
?or those reasons the plastic blocks were replaced machined brass 
blocks. 

t^rovious surveys of velocity ’lad been made in the working sec- 
tion and it had teen detorminod that tho flow v/as satisfactorily 
uniform, vertically in tho working re'^ion. The maximum i%ch number 
attainable v/ith no nodel in tho tunnel was about .87 and v/ith a model 
in tho tunnel this value was reduced to about .82. 

The three models used in tliis investigation were cor.stractod of 
machined brass. ^-11 had an 65^^ - 012 section, with 4" chord and 

each coTitai:Sd a flan of 10 chord length locf-fced res ■>ectively at 15, , 
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30't, and <ir of tho chord fro-^ the loading od<:o. The flaps w»ro bo 
oonotruc^xjd as to roooss flush with the loiTor surface when retracted, 
and to extend «t an anf;le of 45° to tho cliord line when activated 'tr/ 
a tuf on a s^tall wire leading from a lu”^, on the side of flap, downstrea’r 
af.ninst tho p-lass side wall (in tho boun'^ary layer). Tho wire wao 
led out tho tunnel in the diffuser seotion throuf;h a S'nall hole 
drilled in the side wall. 

An ordinary theodolite v;as used in coniunction with a snail 
surface roflectinc mirror attached to an extension shaft on tho air- 
foil support trunnions to determine anple of attack, A sohenatic 
diapron of the anplo of attack noasurinp device is shown in Fig. 3. 

The schlieron oquipmont contained two alternate sources of lifdit, 
one an ordinary bulb, etnd tho other a soark with a 10 ^ second e'^posure. 
The spark sourco was used to take all oictures, A schematic diagran 
of the schlieren equipment is shown in Pig. 4, 

Additional details of tho model construction, the schlieren 
equipment, and tho angle of attack mechanism may be found in roforence 12. 



It v«X3 desired to obtain data in t’.*/o (Xito/orios ; tho flap ro- 
tractod condition and tho flap set condition. ?ho tom flap set is 
to be coistrjca as noaninc that tho flap was locked in the down .osi- 
tion at the bofinnins of tho run, (’•• = O) , and tlion tho air speed 
was increased to tho desired ^^ach nur.Dor. Considoratior^ of the de- 
tails of oncration such ns cleaning tho -^lass cidcwalla of the tunnel 
and retracting the flap led to tho adoption of the sequence of opera- 
tions hereinafter described, 

Tho desirrnated r.odel, properly f'uslceted, was attached to tho 
control v/iro by which tho flap was actuated. The model trunnions were 
then inserted into the bearings provided and the bearings thensclvos 
inserted into tho drilled fitted holes in the glass side vralls. The 
side walls "wsro then pressed in against tho ’~*odol by tightening the 
screws provided for that purpose until the modol was lightly held by 
friction alono. Then the model ■'.vas tapped lightly until it vms appro- 
ximately at an angle of attadc of 0® as determined by measurements 
made with a steel rule, ^''oxt a considerable pressure was set un on 
the side \fo.lls to keep the airfoil from slipping. 

"ith the airfoil now sot and the theodolite in position and 
lovolod, the mirror was slipped onto the integral shaft protruding 
from, the airfoil through tho trunnion and tho mirror v/as rotated by 
hand until it could be lined up at ap-roximately sero on the onglo of 
scale. Tlie mirror was thon fixed in this position rolativo to the 
airfoil bv a set sorew. The reading tn^en through tho theodolite 



ttack 



then was recorded as tho reference roadi'^g. 
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:.’;0 b jil loutli. YO.C latjoalleJ fi'.t' t- - 1 cu r'.n*. “ 

t'lc vi«..‘rfd *iu' b.r Iwci baoti obtalroc ‘ v.' b 

c^i)r *S5or 'Tiss vuIac, ft or an .ai ’ cl .Tiftl '.iven »c /frlo*in 

etn’,‘ vi./ftnc Da o/^ri\iio''s cf Uii-in" *» oclili^r^a ihototi, anl. r 
cor Hi the heights bv colore ’ o. i* "r-i-’ 

po. j )r bac^ Ir .v»'ro coocl idocl uc oxp' oitiojclj^' ftc ■- )Co_blc, 

12 the ^l.Aos had boon do’/m on a previous run and it ^yas dt.sirod 
to obtftM flr.o retrveted run ^t was cce-sar' to .hut the 1 1 ( *oi 
lo'rn. clach off on tho control varo an’ 0"csc the flan bach into its 
recescov'' •'OoI" 1 oa by -‘''ns of o thin tt^ol iasorted through t)it b(;ll- 
r.ouf" for tv.: a nur>ose. The inefficien^'v of "'He nrocecxiro v/as off'sot 
by tho '■‘act tout it ?/as necessary to sto'' the tuur?! at frequent in- 
tervals anj-r*" to nerrit tho ccroressors to cool; the runs v/er© so 
arrijurod as to coincide with these intoi’vals insofar &s was possible. 

• itii t}ic runs conpieted at one angle of attack* tho bsllnoubh 
vras r. ’■’.ove 0 * the side v/t.ll clfcins loosened to por~it forced '*ove''’‘^»t 
of He air' oil, and the airfoil then -cntly tapped with a wooacn 
stick until it had sv^iftod to the next d^’sired anplo as dot -mined 
by t'ne theodolite. 

Thon the yrrais we-o again cla-ood, the bollnouth reinste.lled 
and another series of runs wore executed at this new angle, 

b'hcn runs at all desired angles had been obtained by those 
nethods, tho tunnel was disassc-’.blod sufficiently to renove tho old 
model e^'d r^nlace it with the now -odel. ‘^If’P up ivins vrare inters'^ersed 
\7ith the flt n sot runs to permit corrolstion of tho roferonce an 'los to 
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the absolute b^' considerations oi’ the iaot tlmt a plot o: 

G for a s;'/- rrv*eric‘\l airfoil nast puss t>iroa-. h 0#0. 

. Iritf discussion of orjcratin cif fioultios lu the tuxuvl nay 
be of iit.TO^t 00 inJioato t<*o .u tvir-- of ooze of the proolt^o Oii- 
coui^tc^ed, i\'H .loot serious orobleia fron a standpoint of tkne and 
expense -vas •he oro' Ita^vi of the plass side walls, -"'our sides >crc 
brokt^n durin' the ur.xrincnt. vjneo none of the sides wore broki n 
Jurinr tho aot^al operuf on of olatipinp up the sides of the 
against the ‘•irfoll, out instoeu occurred during, or after the runs 
luid been coinplotod, it was felt tirxt tiie breakage could not be ro«'*rded 
as resulting fron: rough hundliug. All failure o woi^e st rsing at the 
ends of the elliptic;^! slot and radiating outward as was to bo expected, 
An elenentary analysis indicated tho stress to bo excessive in that 
region. For this reason tl.e side walls wcio redesif^^aed to contain a 
circular hols, thus rcdr.cing tiio stress concentration by about one- 
half, and tiie airfoil rodels wore machined down to allovT tiio use of 
a thin rubber gasket on each side to distribute the load more evenly. 

The oroble'T yielded to this trciitmonc. 

Another problem v/as that of the manometer liquid. Alcohol vnxs 
used for the first fow inirs, vmich wore all cither v.lth no flaps 
or with flaps at very low angles of attack. Lead perchlorate was 
was then used and it, too, was found to bo too light to koep tho 
pressuro differancos v/itliin tVie 'lO'* limit of the .nanoHoter board at 
the highest angles of attack desirable, Other liquids investigated 
had an adverse effect on tVje properties of rubber, or steel or both, 
so that mercury was used in all the runs at 30>5 chord, 45/ ord and 
at 2 and 3 degrees for 15/' chord, md time pormittod, the construction 



of an all j la:js rnuiiomotor ./oulu I.a.'o b^cn J3:j irablo i.n orocr to s*» 
totraeU.yl bromide, ^o.tcvir, thia v;r> Id al^o xuivc r. xu.:t that z..v 
m'.rr.iotoi box rd vioulc, JiUvo liud to riiJefil 47icd i ..o sadt r.ucn I r, 
or ni rojr\' mi j havo }-.ua to liave beo.i iscd anyw y, 

iuci'-ae tj.e eciilierc i picturoa vvoi-e tuic^^n .xit.. a aOc.rL co ; oe 



it vxat> j'<eoos»ury to darken the rour* -o 'ictoreo aud to 

ohotf ';ra)hlo olatca. x’l.is procecor.; ob\’‘r L;sly }itr.o-rsd oporati s. 

x'O u'l. readin^o ivooruoci ju dao ' rj..ph pu or beiii.id tx;o . no- 

ri’jU.i' tui'ja# yi oacurc uiff^ ro.ices . ...aochl:., pi.lro oi orificso# 

top Gutter'., wore moataivi', ilioce oiff ro.-ices /I p, vrero th.tn olotued 

on a ";rooh vs. ^istar.ce aloe , tnnael axis, uad the area 'ander the car-.’o 

ViXis intox'j’atc c by g planinet<,r io dottiTiinc lift. The dy:iarrh.o orosoure, 

« 

q, v»xi> dot ‘r n’nod by novins of a n'3asui\;:.‘..at of the ctar^nation orow *rc, 
Pq* •«^ic'' ir this cucf^ was atmosoheri - , with tno aid of tne roir ion 



Vf»o ~ 






X po 



..ith q and i< thus detentiaad end p dotemined from tlie baroir'eter « 

o 

^ was evaluated. Additional cui*vos were then cross plotted as in- 



dicated under Pcsults 
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cori-’:rT[Q.;n / it 

nt of tho free strean .'-ach nunber directly vms impoaeible 
due to the size of tho v/ind tunnel, -lith no model in the tunnel a 
lon'th.vise pressure calibration showed that a noasure^iont at one of 
the middle orifices v^ould five the true free stream I^ach number. 

•owovor j insertion of the model influenced all orifices after the 
second orifice. 

‘easurenont of tlie Jach number was made at tlio second orifice 
by moasurin- p - on a nanometer board using a scale to road diroctly 
in :.'ach number by use of oho following equation: 

= + - ± . 

* This 'tneh number was corrected to the free stream Mach number by 
plotting a curve of/\sf vorsus uncorrected M; this correction was 
additive in all oases. This curve was obtained from calibration runs 
made with no model in tho tunnel. The Mach number at the second 
orifice v/ns computed frora the p/p relationship: 

Solving for f for air: _ 

n- 

Tho true free stream Mach number was also computed by the sane relation- 
ship frern the p/pq near the middle orifices and the difference plotted. 

?or a p/p^ of 0.722 at the second orifice a p/p^ of 0.715 T.-ms 
obtained in the free stream. This gave an uncorrected ttach number of 
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ooM.-:rTi i.jr. j\ -ci .t j.: 

’.oa£.jro*n<^. nt of t)io free stream -ach number directly was impossible 
d'le to the size of the v/ind tunnel. *iith no model in the tunnel a 
lon-'th.vise pressure calibration showed that a noasurement at one of 
the middle orifices would give the true free stream j'ach number, 

^‘O’.veverj insertion of "the model influenced all orifices after ti.e 
second orifice. 

’oasurerriont of tlie iu'ach number was made at tlie second orifice 
by meaourinr p - on a manometer board using a scale to road directly 
in I.'ach number by use of cho following equation; 

(p - !’■’) = h ( I + ± . 

This J/ach number was corrected to the free stream Mach number by 
plotting a curve of/^M versus unoorrected M; this correction was 
additive in all oases. This curve was obtained from calibration runs 
made with no model in the tunnel. T>ie Mach number at the second 
orifice vms computed fran the p/p relationship: 

Solving for ’* for air; 

The true free stream ^^uch number was also computed by the same relation- 
ship from the p/p^ near the middle orifices and the difference plotted. 

For a p/p of 0.722 at tho second orifice a p/p^ of 0.715 was 
obtained in the free stream. T},is gave an uncorrected Ltaoh number of 
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0. G98 a id a corrscbf^d •''•10 c.' VOD, f ■ir'f ,.* ^cc 0 iI’js <' .011, 

It "yxs fo ^.i! 11' it at a ly ' ach nunt^-.r buloiv 0. '2 .10 corrfc/ioi 
vrv3 aoconaar''. 

..3 tt ' -tiroct roajvi" unoorrccte'* I'ach spalo 'ms tfsii on 1 . 
staioard (?4f tt g.) &' i’'>veat iritloa of the e'’'’ect of t' o c . 'iro 
of Dq way c_rrl -d out. ’’■'is curve 7/as .ilotto.u, K:t oi/or the ouriod 
of the tests thn oorrection. to '*ach nu'bcr v/as noro thaa jh,001 

so that f^is corrccti'Vi y/as noflected. 

.n inve 0 ti. rati on of the effect of the hci'lt of the ~iercury in 
tho h'ach neter wns also ’^ado. ho'/iever » at thi highest Incli nu~ oers 

this effect v;us only to chao.-e tho zero roadiig of tho 'ach nu'ober 

-.002 so that this also was nerlcotod. 

.•I corroction for .viad tuniel .vail hiterf r:. nc; ats 'lado to tho 
frou stroan ■ ach number, using, tho mot nod 'o^ formula o3, gage 72, 
in reforcnco 3 using a ^ of .03o, a_yU oi?# 23X ^lioii u 
a of .348 -'h.th flaps oxteiidod. - ach aorioor cs road should 

be acournto to ^ 3,002. x.ny additional error due to the corrcctlo-is 
should not be more thar, ^ ,003 so thr t tho J'ach number is correct 
to ,005. 

On obtainin,g values of ^ with no flaps quite a substantial 
differcnco in the values and the slope of the lift curve from those 
in reference 15 was obtained, -rjplication of mnd tunnel wall 
corrections using the first three terrns in formula 62, page G2 of 

reference 8 increased this difference. In previous vvorlc in this 

tunnel it had been assumed this I'las due to i”'proper measurement of 
the angle of attack. Reference 12 shov/od that this was not so, but 



that part of the dif fero.icu wus duo to fcJi* ^act ti.o.t all t-'Q lift of 



riodol -as <>t beiTf a ou --o d , anc oart to the non-unlfon enanwlae 
1 i f b ’is tr ib ■ ti on. 

t 

?’,e ^ -asor. for this '<ms duo to tvo things; the rot}'od of nca- 
ruronrnt of th ’ 15 ^t, ani tho effoct of t5'.o tunnel side wall boundary 
Ir.yors o' tir: velocity’ and orescuru distribution over the vr’.ol'® n/idth 
of tiic model. .. fell, in reforonco 10 showed that in inco"'prossiblo 

flow for a liftinj;; line vortex: 

= -fr 

See Fig, 5a 



and for a vortex shoot; 



U^. 5. _ 






emot'd 



Cir\OY<i. 



t 



where L is tlio lift moasured in tho woiicing sootion, L is tho 
•vs 

total lift, A - f^-e — 

and n = orescure on wind lov/er surface at position (x) along chord 
Tj. = nressure on wing upoer surface at position (x) alone chord. 



and 
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7r(^T_^x) 



See Fig. 5b 

Calc>alation of the percentago of lift r.easurod in the wind tunnel in 
use tr^r the first rpathod gave a percentago of lift neasurod 91.0,^ and 
by tlie second mothod of 90. 0\ 



1 



r’:o ’’oLhcd V/H6 corrected lor Ofv’.oroooibll ity by au‘ . ^ w-** mndtl- 
li ui rb ■ ut i :jj.. , of tlilc Appioxi. . . tc> : ,.'lnd 

jb. U;r; 

X in co'".r?. 



tn.ii.cl Cl* . l^bo of 

i 



I", P. 



and 



Y oo::.p. = V itcono. , 

\T- is2-)l/2 



Tho equation then beccu’je 

IV .5 



L 



= ^ r 

U I- 



-fun e 




2-s h incorp. = h cTr.p. (tie actual h) x ^ 

1 olutioa of this oouat’ on s^'-cvvod that for increaslij .‘'ach nu. 'L'-r a 
jToater pr-rcentarG o'" lift -.vas ;-^ar,urcd. Tnis ourocntu c ./en t ^ron 
91"^ at = 0 to 97, at i' = 0.70. 

Jlc. 



^lotbin.-* tho 



dL c«c 



vs. h’ curve 9) chovtoc that for t) 



nodol only 07 ' of the lift at ’ = .2 was being nees’ir,u and 73. 6"^ at 
.5. ..t ' =>.2 then, 23.0 of lift and at - = .9, 16.4' o" tho lift 



v.'os still unaccountod for. 



In rof^ronce 9, J. .'rcston sho\fad t'uat 

CC ^ ±£ji*^,aoio 

eA. Cjg_ 

*.^.ero t is the chord Icnjth of th'- noiol. 



Jl ic the .d ’th of the tunnel. 




^\c>C is the angle of attack induced by the \ortex. 






I'’. 



'Jo\ri" thf' loraritlTjric velocity orofilc of rof^-Tonco 1C, oa.''<^ 15, 



forr.ulft 44; 



substituting 



= [j + 

= • “JcT 

For e .’'tich nunbor of 0,2 thn Re^molds number is 460,000, v?hioh 



from referonco 16 i^ives a of 0,00513, 



Then cA « .0645 cT 

The boundary layer was co'^puted from — 0.3^'^ 



ii-S 



'S' 

X 



where \ was the distance from the front end of tho vorking section, 

^S~ 



ind tunnel c/*^0. 3 ^ ^ J 



at the quarter chord 



.For this w; 
position of ths model. 

For a ln,ch nun bo r of 0. 2, <A " 0.130 inches. The boundary 
la;/er actually determined in tho tunnel with no model and at a !.ach 
number of 0,2 v.-as 0,15 inclics; the discrenuncy v/as probably due to 
tho entrf,nce conditions. It v;as assumed for the computation tlu\t the 
boundary layer started at the entrance of the working section where 
actually it started on thrs bellmouth, thus increasing tho Tridth 






4 






i V u ' 



* ■ : 

1" VJ U ■ h 1; 



I. 



c/ « .0097 



ami 


C.A. 
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at 


- .: ,cT 


^ .11 by tlio C ]'iation abovo: 


* Hot' ‘ ; "or w "i * ti * *ce 


cor. 


Utions (J~ 


" .12. 




lor 


-■ * O.f., r 


= 1,1 "0,000 





a'-’c'' ( = .ooc; 



then 


</* 


“ .X79 


This 




= i2.7r . 










t-H 

CO 


^rand tl-Glat c rt norr'c 



i^icon 



Ou' iO 



’ ^ inco*! - ^otD^-' a (the tra<. ^ ) x fl ^ ^ 

a id C cT ^ 

-At ^) 

-t summary of the lift 'teasurement is as follows! 

Correction Correction Comp, 
for Lwfrth for Correction. 

Lift of • orki-ig Boundary'’ for Boundary Unaccounted 
'ach -t'o. • 'laeured cction Layor L.iyer for 



. 2 


67 


9. 5 


16 


( IS. 7 ; 


7. 5 


.5 


76.5 


7.0 


12.7 


(17.0) 


1.7 


.7 ' 


82.4 


4.0 


11.2 


a. 4 



The correorion for the ico<^th of the workin^ section '.;as assunod 
to be aoourato. Lift coefficients were corroctod for the ;vind tunnel 
walls and for this workinf section correction. f}ie correction as 
determined by ■t'reston is evidently of the rirht ordor. iio'.vever, his 
initial assumotion of a pair o ‘ vortices, one at a distance from 



i J. 



LliO ’./all, o.v >" ' I'i . •- i* th*‘ all, x.^ '-'viOc itl^( /• . o Toi’ 

.* fr, lii^- '1 11- / be .} I. •-. ..i U.’» tun r^l -.Ize 

:k: ro r\< V I' c o" ti e coi putoC applies only »t the 

^ ^loc 

co,;t- r '’f bi r> U.n-nl. In t tun.nl ti.e increase of foinf. 

c’u.’/'.sc fro’ bh cc’^t'-r tu ‘1 r icplacanc-ub tl.ichr.' as '.vouia iiafiially 
affect t'.e flecrc iu'it of lift. fi.lc co isi deration would ^ivo j.i; adti- 
tio .al corr: c' ion, anu it v\'oilc. bo in the ripht diroction. .orcover, 
no effect 0 ccr'prc saibilit;/ is teken into consideration in Prectr. *s 
cri <"inal asB’jr.ption. If the 'Prf nc tl-'''lauert correction is applied 
tho cori'ectinn boco'^oc too lar;;^c at hirhfr • aol\ nu*"bor^, 

lonsoDjently, it is evident tlr-t .. bcuidrr:* layer correct: vi choulcl 
be ’"cdo, but that •'oro irvosti- c bion is necessury, As the s ;b.ject 
of this pajcr is coiicenicd noro v/ith co’'';')’ ralivc than with ubsoluto 
values, and because of the questionable accuricy, this correction 
was not mdc. 

ho co'iparison i.i precision can be rv.de as re^'p-rds to absoluto 
values, '.Rch ■well pressure ’•.vjasureMoiit should be accurate .vithin 
0. q. Pr..-Sburo difforcnces .vith no i.nodol in wore never :.;oro than 
one n.illi’~eter of nercuryj no corroctio.is to the wall prossuros were 
nade as this ci ff-ronce is included ii ohe estimate above. intr-pra- 
tion of those oressures by olanineter should also bo accurate to 0,5,' q 
so that should be accurate within l.C''. 

The anfle of attack veasure-nents by the theodolite are within 
+ .03®, wtiich ttkes into account tl)e slipoapo of the nodcl due to 
aorodyna'’" i c forces and the rnothoJ of hol.linj^ the flops doAU. ■'O.ise— 



quently, tlie ertcision of relf.tivo angles is mthin this, save er-or 
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r i *;I:" <■ uol i r" t*<! Iv I*.' . -m j ’'j.'i • t^'c' ■’;o »bt*cluJ> • J. 

by t.’"!' rum fl- j 'ii.-:' a’'-b^r, lA*. 

^ V6. L ofurvoc 3f ro^ r'^ ico 1^, ait? y.ttlnr i^n abaol'ite • a 'lo of 
attac’:. Tlier.t 'i-i"!::-. \.\.nj corr3c':o<! Cr^r air < 'v 

C:' t Z?t r-.'^-rina T ici i_; only >1 c '‘Irot tv.o tiiT . nv. ' .oj ko 

aij;lo of attfck io correct '..’ithin C. 1®. 

Ty,. syasitivit^’ cf tho schliore.'* cy/i. r *nt us«? ’ io vary bii.r'-'' to 
c’efivie acnrutcly. -’oojibly by loo!:l;if at the bounfar;,’' lay r in tho 
iti’roe n i,’ bv n. conoarisn i to t**/’ •'ict'’’-':c obta iar in ref toico 3 

iv 3.0” be soon that e'j’iy'ont ic o-'lv -o 'eratcly ocaoitl--”. Ac 

the f.e lolti'Tity ’-as cno'srh ta s'-.av/ lia'-. ter ir risir ^ro-'- •. le’n 
tho di''"'. 3 IV/- try be .Li tho rot’.iod of t'dcinf tho .-ictarcs. 
o ”>ai eivc r.u. icity throt;,.'ha.. ^ th'; i r/cstiffatj o '. 'X-'z nxi— 

- "O .. -c V'l Ito 00 -idcr.sc.t' ■“ c' oclrc wero ’-rticc ! ’n J. < 

scM.iojojn j53J’®an, .*o effort v.-as nado to cvaluato the cf'foct o^' iwater 

n t} a air on t.'-o ''on-atio of tha shoo’: vnvor,.- 



vaoor b^n'' 



13 . 
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Tho lift cooffioionts dorivod by the method OivliaeJ Li P OC. 
wore plottoci on I'ig. G and curves dra.vn. Curves ap proxlr^atin^^ tho 
''randtl- ^luuort correction a2id tho Xannan- i'aion corroction were druwi 
from the same ooint on of those curves for comparison. Tho dis- 
crepancy is orobably duo to tiic decrenont of neasured lift vmich 'njuIU 

bo loss at hip'h -aoh riunibors. This then vould indicate that the shape 

* 

of these curves, if oorroctod properly, would a-proach the Kaman- 
Tslon or frnndtl-Glauert approximations. Moreover, tho Xarnim- Tsien 
and tho i^'rundtl-Glauort approximations afo not valid after ti*e flow 
is locally supersonic, '/hich would account for sono of the difference. 

lower cui'ves on 7ig. G a{r;ree vory closely 
with the curve of vs. Mach number in reference 13, 

The hic'hest h-aoh number points are the limiting values for this 
tunnel. At this point choking occurod and no higher Mach numbers 
were obtained. 'fnese choking points agree vory well with the curve tn. 
Fig. 5, referonco 11, 

Figure 7a is a faired curve plot of vs, u from the curves in 
Fig. 6. The ^ vs. c curves for this airfoil without flaps from 
reference 12 are also plotted. In fairing the curvos, an attempt was 
made to iiave all curves for any one flap location intersect on tho 
equal zero line. 

The curvos in most oases are straight lines below the stalled 
position. At those relatively high angles of attack, tho stall at 
the higher Mach numbers is gradual. Two exceptions to the straight 
line cur\’e6 are the curves with the flap at 30?? chord at Mach number 
of , 56 and . 50, 
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X > • 

'if. 7b snows u A of uhc- tiie curves l i j 1,;. 7a for 

two ’ ach nuvibera vs. tho flap location. This s>iows that there is 
maxir.u’Ti slo"»e to the lift curve soncv;hcre just aft of the oO/ c*>-'jrd 
Dosition. T^is position of maxir.um slope is ally slightly affected 
by J'ach number bolow tho stall. 

7if;s. 8a, 8b, 8c, 6d, Co aro plots of the oriirinal da-ta points 
on a ^ vs. flap location graoh, at various angles of attack and 
various h^ch numbers. Curves woro fairod in between tho points. 

In fairing this curve it vvould have boon possible to fair in a maxi- 
raun Eomev/here bct'.wen '60% chord ar.d 45^ chord, but a s'tudy of the 
schlieron pictures indicates the maxinun condition is slightly beyond 
tho 45^ chord position. Tlie curves in gOiieral fall in the same pattern 
.below the stall. After the stall has been reached, i.e., at the higher 
Mach numbers, tho curves cross those of lovrer Mach numbers, 

<JL 

Fi<r, 9 is a plot of ^•^ch number and includes tho 

theoretical Prandtl-Glauert curve, and the curve for no flaps from 
foforGneo 12. The curve for some optimum location of tho flap, 
again somewhere aft of 30 /j chord, is materially larger than the curve 
for tha no flap position. 

The difference between the no flap curve and tho theoretical 
ourvo has nlreacy been discussed in COl i >CTI ^NS, Because .of this 
differenoo, all curves would be moved uoward to give absolute values, 
but the relative differences would remain aoproximately tho came. 

Fig. 10 is a plot of the ohange of from the model with no 
flaos for the three flap locations at various ‘‘ach numbers vs. an"le 



of attack. 



'or corrosooncM -'uch n’^bf‘rs th-o incronent of lift incrcasos 
quit? rapi'lly v/hu)i niovlnq the flap fro^n 15 ^> chord to dO - chord* onJ 
is still inorcasi'if^ slightly as the flr.o is moved aft to 45/ chord. 

This is another indioatJon th"t tho "iHxrr.um lift .oosition for tho flap 
is slightly oft of the 45/ chord location. 

Fig. 11 is a plot of tho chan;jo of fron the model with no 

flaps at various angles and ^-ach numbers vs, the flap location. This 

plot shows tliat tho nao:imum lift incronent ir all cases has yet to 
be reached, it also shows that at a constant ‘-aoh number hicreasin,; 
the angle of attack decreases the increment of lift obtained. This 
indicates that tl:;e increment of lift obtained in increasing tno angle 
of attach- with the flaps extended is loss than the increment obtained 
• vdien the angle of attack is increased using no flaps, 

Tlie slones of 'tliese curves at each flap location are practically 

the same. A plot of tho slopes vs. the flap location in Fig. 12 

shows thrt the re.te of change of slope docrociEos very rapidly, as the 
45/ chord position is approached. Fir. 12 shotvs again that tho naxi- 
nun increment of lift would occur slightly aft of tho 45/ chord posi- 
tion. 

Fig. 13 is a survey of the formation of shock waves on the model 
with the flap at 15/ chord, 30/ chord, and 45/ chord at an angle of 

t 

attack of three degrees and from just after the shock wave starts 
up to v/ind tunnel choking. This is a ropresentativo set of pictures as 
the shock waves form in tho same manner for all angles of attack, 

Tlxe sequence of formation and raovomont of tliC shock waves is us follows 
A small laminar shock first appears just aft of the nose. This forma- 
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tioa io si liar to t orie l Ir- r'. i-OiiCG le for Kii:.* i 

alluelc, 'o 4 ji'ooc v/J Ih refer ico 13 as t/ioso audios, althcrjrli *. all 
referonce to thf t'oo'io'tric an^le, are rt-lullvsly lar^^o in rcf.runoo 
to tho anflo o-'' t ro lift, 

Tne '■,000 id G..ocl: Docurs at about 30 chord at a Mach number of 
about .05 to .07 higher. first shis also is a laminar shock. 

In same ojicqo 'lie for.nafcion of this second siioc’c is prooedod by the 
for.-.n /lO- of ^ any s^rell shudrs just ahead of it. Tnis phono^-nonon 
n.ay h-.vf causod lie irror-u lari bios in tlio t !o lift curves in fir. 7a. 

. the .’ac’i nu, bor iio Tjaaos both ahoclts .ovc aft on the surface. 

Hio first vj.’ ock .a.vo t-.ds to '.lovo evr " fror. tlio surface an apyroclable 
• ’isoi icf v;bfi.le bl;j scjo.d Saocic is still Icr.hnar. This phenomenon 
Cl. i be soon at 30, cliord* * = ,643, In so—o cases the second shock 
vra.vo be-o'i’cs a forked shock i.uve, as c lown in ihic savic picture and 
in idle upper ri jht iuind picture oi"* ^ i 13. 

.*3 t'le ac’i nuiT.bor is incruasod ,>hc soccod Si.ock noves aft and 
goes from a lujni.iar typo shock 'oave to a turbulent typo shoe.’: wave, 
fnis typo of v.'ave is rocog. izod by tJio triangular baso and ths inclina- 
bio.n dov/'' stream (Ggc reference S), Tlj© last pictures shov/ the shock 
extoniing to the tunnel wall, thus indicating choking of the iri.nd 
bun lel . 

reference 3 notes that cion'ement oft and consecue.nt strengthening 

of the Si". ock ■..'ove causes tho peak neyati'/o proscars to move aft on 

t]-.G air'’oil. This increases the area of the f„ vs. A curve. This 

P c 

in effect incrcasos t.hc lift coefficient cf ths air ril. 
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--ovin^;: tho flap chord position aft hastens the formtion of the 
shook as is soon in the loft hand pictures in Tig. 13. /-t constant 

I'ach nujr’bcr tho strength of tho shock \/avG increases as tho flap 
location is t oved aft. However, it is evident tl:t t tho change of 
strength is r-.ore pronounced in going fron Ib/o chord to ZO'i chord 
than from SOI ahord to 45^. chord. Ti is conclusion agreos with the data 
presented in ~'ig. d. 

rig, 14 is a survey of the formation of shock waves on the nodol 
with the flap position at 457^ chord in increasLig tho angle of attack 
from 1° to 3°. The formation of tho shock waives at a constant a:.gle 
of attack i»(4-en tho hlach number is increased is similar to the previous 
discussion. Increasing the angle of attack at a constant !uach number 
hastens the formation of tho \'\ctvcs, which in effect increases the 
lift. 

Fig. 15 shows some sphlieron pictures of tho model with no flaps. 
Again the formation of the shock v;avos is similar. Comparison between 
iig. 15 and Fig. i ;5 shows that the formation of the shock waves occurs 
at a T.uicli lo>7or Hach nunb3r when flaps are used duo to tho cffoctivo 
camber caused by the flaps and the higher induced volocitios on the 
upper surface of the airfoil. 
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i-ive recovery fl^ps ruteri ally lift of an r irf • '.1 

at hit'll i^ach nu'-iberc “fy’ low aaj;;lnc of attack. The '■’azimr. lift 

o(. Cjp 

obtai'ied alirhtlv aft of the 45 chord locutjo'ij the raxinun / — ~ 

CK. OC 

is obtained sli'^htly aft of tho SO'^ ch<^'*d locptnon, i’he rate of chan, *« 
of ^ as tho cipp if' '»ovod ai on" the chord is ’••ot nat**r iall'- affeott'd 
b 5 »’ chanres in nn^le of attack or •'■'Uich nunber, '7ho fls’^s and rovem*-'nt 
of the flap location rft hasten the ^omation sh.oc'" waves, bet t’*»i 
dovelop’".ent of the shock pattern and "ovem^nt of these shock waves arc 
not effected bv change in flap location or chenre in angle of attack, 
although they aro affected by 'iach nunbor. The shock v/ave cmfi "ora- 
tion is directly rolated to the lift; nrfidictiona of change in lift 
can be rade b-^ a stne^y of schlicrcn ohoto^raohs of the shock waves. 

”easim!^nt of tho lift by inte^rat'oe the pressures over the 
top and bottom of the tunnel for this t-noe tunnol is not ede 'unte 
to "'ivc absolute values of lift without; furtlior investigation. 
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P%Cu?r^ .;j-, TIP’.;, 

1« rh© uccjracy of th© results mtiy h© increased by rodosi rn in/^ tho 
majionotcr board to allow tho use oP alcohol or lead oorchlorato as 
the fluid for hif-h lift cooffioients. 

2, The schlieron photographs nay be bottored by chfuring the nethod 
of takini^ photof^raohs. A oloood canora with a shutter so that data 
recording may bo done with tho lights on, and no extranoous ligiit can 
got on tho film is required. 

3. The wind tunnel working section should be redesigned to perr.it 
cleaning the glass without removing tho nodol, oubstitution of a 
steel plate with a mirror finish on '^ne side for ono of the glass 
sides should be considerod. This would result in the ccr.plote re- 
design of the Sohliercn equipment* but would havo many advantages} 
tho main one is that it could be used for a working side. 

4, It is feasible that a balance system and a simpler, more accessible 
angle of attack mochanisra could bo designed for the wind tunnel. 

5. An investigation of the boundary layer effect on the pressure 
coefficient should be made with models of various lengths. 

6, An extension of those results should bo made, varying tho length 
of the flap and varying tho deflection angle. 

7. Some investigation should bo made of the effect of water vaoor 
and/or dust particles on the formation and development of shock vraves. 
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